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Edited by Michael R. SussmanAbstract MSN1 is a putative yeast transcriptional activator in-
volved in chromium (Cr) accumulation. Here we show that over-
expression of MSN1 enhances Cr and sulfur accumulation and
Cr tolerance in transgenic tobacco. In addition, we found that
expression of NtST1 (Nicotiana tabacum sulfate transporter 1)
was elevated in MSN1- expressing transgenic tobacco, suggest-
ing that chromate and sulfate are taken up via the sulfate trans-
porter in plants. Supporting this, expression of NtST1 increased
levels of Cr and S in Saccharomyces cerevisiae. Our ﬁndings
suggest that yeast transcriptional activators can be used for
developing eﬀective metal remediators, and for improving the
nutritional status of plants.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Chromium (Cr) is a major environmental pollutant [1]. Ma-
jor forms of chromium in nature are Cr(VI) (chromate) and
Cr(III) (chromite). Since chromate is absorbed more easily
by cells and chromite is impermeable due to its low water sol-
ubility, chromate is more toxic than chromite [2]. Chromium
causes oxidative damage to DNA, and alters the structure
and activity of DNA polymerases [3–6]. In plants, Cr reduces
protein content and nitrate reductase activity [7]; it also elicits
polyamine synthesis followed by a decrease in growth, chloro-
sis, induction of leaf chitinase activity, and a decline in shoot
growth and in the water content of leaves [8].
It is believed that chromate enters Saccharomyces cerevisiae
via its sulfate transport systems since sulfate uptake mutantsAbbreviations: Cr, chromium; S, sulfur; Cd, cadmium; NtST1, Nico-
tiana tabacum sulfate transporter 1; MS, Murashige-Skoog; PCS,
phytochelatin synthase; UBC, ubiquitin-conjugating enzyme
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doi:10.1016/j.febslet.2005.12.001are resistant to chromate [9]. Since chromate-sensitive mutant
of S. cerevisiae accumulates higher amount of Cr than WT, it
has been suggested that tolerance is due to reduced uptake [10].
It seems that sulfate transport system is also involved in chro-
mate uptake in plants, since sulfate inhibits competitively chro-
mate uptake in barley seedlings [11].
There have been only a few reports concerning Cr phyto-
remediation. In contrast several strategies have been success-
fully applied to generate plants able to accumulate or
transform cadmium and mercury. There is evidence that some
members of the Brassicaceae family [12,2], as well as the water
hyacinth [13], are Cr accumulators, but these plants do not ful-
ﬁll the criteria for hyper-accumulators.
MSN1 is a multi-functional protein with various other
names such as: involved in invertase activation [14], stimulator
of osmotic stress-induced genes [15] and of SWI6-dependent
genes [16]; FUP1 (whose overexpression increases iron-uptake
in iron-limited cells) [17]; PHD2 (inducing pseudohyphal
growth of diploid cells on nitrogen-limited media) [18];
MSS10 (activator of STA2 in starch degradation) [19]. Since
MSN1 is localized in the nuclei of S. cerevisiae, and in vitro
synthesized MSN1 has weak, non-speciﬁc DNA-binding activ-
ity, it has been suggested that it is a transcriptional activator
[14].
Recently, we isolated a chromate(VI) tolerant mutant, CrT9,
from a mini-Tn mutagenized yeast pool. We found that the
mini-Tn had been inserted at nt 741 of MSN1. Interestingly,
overexpression of MSN1 in CrT9 and wild type yeast caused
both strains to accumulate larger amounts of Cr [20]. In this
report, we show that expression of MSN1 increases accumula-
tion of chromium and sulfur by enhancing sulfate transporter
level in transgenic plants.2. Materials and methods
2.1. Plant material and transformation
Leaves of tobacco plants grown in sterile agar medium were used
for leaf disc transformation. The binary vector, pJD301, containing
MSN1 instead of the luciferase (LUC) gene was transformed into
Agrobacterium tumefaciens strain LBA4404 by the freeze–thaw meth-
od. Tobacco leaf discs were transformed with A. tumefaciens as de-
scribed by Horsch et al. [21]. Shoots and roots were induced on
solid Murashige-Skoog (MS) medium containing 50 mg/L kanamy-
cin sulfate, transferred to soil and grown to maturity in growth
chambers.blished by Elsevier B.V. All rights reserved.
Fig. 1. Schematic representation of the plasmid used for tobacco
transformation (A) and Northern blot analysis of transgenic tobacco
plants (B). (A) The yeast MSN1 gene in plasmid pJD301-MSN1 is
ﬂanked by an omega (X) sequence, the CaMV 35S promoter and the
nos 3 0-terminator. (B) pJD301, empty vector transformant; pJD301-
MSN1-5, 6, 7, MSN1 overexpressed transgenic lines. Twenty lg of
total RNA extracted from transgenic tobacco lines grown in soil for 4
weeks was electrophoresed, transferred onto a nylon membrane and
hybridized with 32P-labeledMSN1 cDNA. Equal loading of RNA was
conﬁrmed by the level of rRNA.
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MSN1 that had been subcloned into NotI-digested vector pFL61
was cut with SalI and SacI, and the resulting 1.2 kb SalI–SacI frag-
ment was subcloned into pJD301 without the LUC gene. The 2 kb
PCR fragment of full length NtST1 cDNA was subcloned into pYES2
vector digested with BamHI and XhoI.
2.3. Northern blot analysis
For Northern blot analysis, total RNA was isolated from transgenic
tobacco plants grown in soil for 4 weeks using TRIzol reagent (Invit-
rogen), and 20 lg of total RNA was electrophoresed on a 1% agarose
gel containing formaldehyde, transferred to a Hybond-N nylon mem-
brane (Amersham Pharmacia), hybridized with a 32P-labeled full
length MSN1 cDNA, then washed at high stringency [22].
2.4. Measurement of chromium and sulfur
Seeds of transgenic tobacco homozygous lines (T3) were surface ster-
ilized, germinated, and grown on 1/2 MS agar medium containing 0–
200 lM potassium chromate for 2 weeks. All the seedlings on each
plate were harvested, washed three times with ice-cold 5 mM CaCl2
and dried for 3 days at 60 C. In addition, roots and shoots were sep-
arated from some seedlings, and prepared as above. 1.0 g dried samples
were digested with conc. HNO3 and HClO4 in a Teﬂon Digestion Ves-
sel (Savillex, USA). S and Cr contents were measured in triplicate by
ICP-AES (inductively coupled plasma-atomic emission spectroscopy,
Perkin–Elmer Optima 4300 DV, USA) at a wavelength of
267.716 nm (for Cr) and 181.975 nm (for S) at the Korean Basic Sci-
ence Institute (KBSI). Three independent cultures were used to calcu-
late average metal concentrations.
2.5. Assessment of Cr tolerance
Seeds of transgenic tobacco homozygous lines (T3) were surface ster-
ilized, germinated and grown on 1/2 MS agar medium containing
200 lM potassium chromate for 2 weeks. This concentration was de-
signed to give a 50% reduction in wild type seedling fresh weight.
Individual seedlings were harvested from each plate, washed three
times with ice-cold 5 mM CaCl2 and distilled water, and the attached
agar and water were removed. The fresh weight of each seedling on
three plates was measured (N = 90). Metal tolerance is expressed as rel-
ative fresh weight, calculated as fresh weight in the presence of the me-
tal divided by fresh weight in its absence.
2.6. RT-PCR analysis
As a control experiment, expression level of actin was measured
using various amounts (27.5, 82.5, 137.5, 275, 550 ng) of total RNA ex-
tracted from tobacco leaves. Amounts of RT-PCR products obtained
from PCR of 30 cycles were in proportion with amounts of total RNA
used in RT-PCR (data not shown). Based on this result, we used
250 ng of total RNA isolated from tobacco transgenic lines for RT-
PCR, and ampliﬁcation reaction was performed at the same condition
of control experiment. RT-PCR was performed with an RT-PCR
kit (Takara). The NtUBC2 gene encoding ubiquitin-conjugating
enzyme was used as loading control. Speciﬁc primers used in RT-
PCR were as followed. NtST1 forward and reverse primers,
5 0-CCTGTTAAACAAAAACTCGAGT-3 0 and 5 0-GTGGATT-
GATCCCTCGATCG-3 0, NtPCS1 forward and reverse primers,
5 0-ATGGCGATGGCGGGTTT-3 0 and 5 0-CTAGAAGGGAGGTG-
CAG-30,MSN1 forward and reverse primers, 5 0-ATGGCAAGTAAC-
CAGCA-30 and CTAATTTGGGATAAAGG-3 0 and NtUBC2
forward and reverse primers, ATGTCGACACCGGCGA-3 0 and 5 0-
TCAGTCTGCTGTCCAGC-3 0. The ORF region of each gene was
ampliﬁed in the RT-PCR analysis except for NtST1 because only a
partial NtST1 sequence has been reported.
2.7. Cloning of full length NtST1 cDNA
Single-strand cDNA was synthesized from 10 lg of total RNA iso-
lated from root of Nicotiana tabacum using the ﬁrst-strand cDNA syn-
thesis kit (Amersham Pharmacia Biotech.). To obtain full length
NtST1 cDNA, 5 0/3 0 rapid ampliﬁcation of 5 0/3 0 cDNA ends (5 0/
3 0RACE) was performed using a 5 0/3 0 RACE kit (Roche). 2 kb PCR
fragments were cloned into pGEM T-Easy vector (Promega) and se-
quenced using the dideoxy chain-termination method with an
ABI373 automated DNA sequencer stretch (Perkin–Elmer).2.8. Yeast experiment
2 kb NtST1 cDNA was subcloned into yeast expression vector
pYES2, and this construct was introduced to S. cerevisiae Y800 (WT)
using LiOAc/polyethylene glycol method [23]. Transformants were ﬁrst
selected for uracil prototrophy by growing them on complete minimal
(CM) media containing uracil-lacking complete supplement mixture
(CSM) (QBiogene), yeast nitrogen base (YNB) (QBiogene) and galac-
tose. S. cerevisiae cells expressing pYES2 or NtST1 cDNA were grown
in liquid CM medium for 24 h (initial OD600 is 0.1) in the presence of
20 lM potassium chromate, harvested, washed three times with 5
mM CaCl2 solution, and dried for 3 days at 60 C. Concentrations of
Cr or S were determined as shown in Section 2.4. Three independent
cultures were used for calculating average metal concentrations.
2.9. Statistical analysis
Data were analyzed by ANOVA using SAS (version 9.1), and means
were compared using the Tukey’s multiple comparisons with the family
conﬁdence coeﬃcient 0.95.3. Results and discussion
3.1. Generation of MSN1-expressing transgenic tobacco plants
As a ﬁrst step in testing whether MSN1 enhances Cr accumu-
lation in higher plants, we made a construct in which MSN1
was under the control of the 35S CaMV promoter, and intro-
duced it into tobacco plants by leaf-disc transformation
(Fig. 1A). Transgenic plants were selected on 1/2 MS medium
containing 50 mg/L kanamycin. Genomic Southern analysis
identiﬁed three T3 homozygous transgenic lines (pJD301-
MSN1-5, 6, and 7) containing one to two insertions of MSN1
(data not shown). These transgenic lines were used in the pres-
ent study. Northern blot analysis showed thatMSN1 transcript
levels were high in these transgenic lines (Fig. 1B).
3.2. Accumulation of Cr and S was promoted by enhancing
sulfate transporter level in MSN1-expressing transgenic
tobaccco
We measured Cr accumulation in these lines grown on MS
medium containing various concentrations of potassium
208 Y.J. Kim et al. / FEBS Letters 580 (2006) 206–210chromate (Fig. 2A). The Cr content of the three lines was high-
er than that of control plants and increased with increasing
medium Cr concentration. pJD301-MSN1-5 accumulated a
twofold higher concentration of Cr (13.24 lmol/g D.W.) than
control plants (6.57 lmol/g D.W.) on 1/2 MS agar containing
200 lM Cr. In addition, the transgenic lines displayed 32–63%
greater Cr tolerance than control plant on 200 lM Cr
(Fig. 2B). Interestingly, MSN1 overexpressing yeast that accu-
mulate higher levels of Cr do not have increased Cr tolerance
[20].
It has been reported that chromate enters S. cerevisiae via
a sulfate transporter [9,24], and we suggested previously that
MSN1 promoted Cr accumulation by stimulating the expres-
sion of sulfate transporters 1 and 2 (Sul1 and Sul2) [20]. To
see whether the sulfate transport system is enhanced in the
MSN1-expressing transgenic tobacco plants we measuredCr concentration (uM)
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Fig. 2. Increased Cr accumulation and tolerance due to overexpression
of MSN1 in transgenic tobacco plants (A, B). Cr content (A) and
tolerance (B) were measured using 14-days-old transgenic tobacco
plants (T3) grown on 1/2 MS medium containing 0–200 lM Cr (A) or
200 lM Cr (B) as described in Section 2. (A) Cr contents of samples
were analyzed with ICP-AES and means ± S.E.M. (n = 3) are shown.
Closed circle, control plant containing empty vector; open circle,
pJD301-MSN1-5; closed inverted triangle, pJD301-MSN1-6; open
inverted triangle, pJD301-MSN1-7. (B) The fresh weight of each
seedling (2-weeks old) on three plates was measured (N = 90). Metal
tolerance is expressed as relative fresh weight, calculated as fresh
weight in the presence of the metal divided by fresh weight in its
absence. Means ± S.E.M. (n = 3) are shown.the mRNA of tobacco sulfate transporter 1 (NtST1), a high
aﬃnity sulfate proton co-transporter (GenBank Accession
No. AJ745720) (Fig. 4A and B). RT-PCR analysis showed
that NtST1 transcript levels were higher in the pJD301-
MSN1 transgenic tobacco than in the control plant. Accord-
ingly, the enhanced Cr accumulation in pJD301-MSN1
transgenic tobacco plants may result from higher Cr uptake
by way of the high aﬃnity sulfate transporters probably lo-
cated in the plasma membrane. If expression of the sulfate
transporters is increased, sulfate uptake should be also pro-
moted. As shown in Fig. 3B, more sulfur was accumulated
both in the roots (125–152% of control) and shoots (143–
177% of control) of the pJD301-MSN1 lines, with the excep-
tion of the roots of pJD301-MSN1-5 (Fig. 3B). If the sulfur
contents of root and shoot are combined, sulfur levels in the
pJD301-MSN1 plants are 143.5% of the control plant. This
increase is similar to that of Cr (157% of control plants),
suggesting that MSN1 expression promotes the accumulation
of both Cr and S by increasing the expression of sulfate
transporter. Sulfur levels were about 40-fold higher than
Cr levels in both the control and pJD301-MSN1 plants; this
suggests that the sulfate transporter has a higher aﬃnity forTransgenic lines
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Fig. 3. Increased Cr and sulfur accumulation in MSN1-expressing
transgenic tobacco lines. Cr (A) and sulfur (B) accumulations were
measured in roots (black bar) and shoots (gray bar) of transgenic
tobacco plants grown for 2 weeks on 1/2 MS medium containing
200 lMCr as described in Section 2. Cr and sulfur contents of samples
were analyzed with ICP-AES, and means ± S.E.M. (n = 3) are shown.
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Fig. 5. Expression of NtST1 cDNA increases Cr and S accumulation
in S. cerevisiae. Cr (A) and sulfur (B) accumulations were measured in
Y800 (pYES2) and NtST1-expressing Y800 (pYES2-NtST1) grown for
24 h on CM liquid medium containing 20 lM Cr as described in
Section 2. Cr and sulfur contents of samples were analyzed with ICP-
AES, and means ± S.E.M. (n = 3) are shown.
Fig. 4. MSN1 expression increases sulfate transporter transcripts in
transgenic tobacco plants. (A) Agarose gel of the RT-PCR product.
RT-PCR was performed with mRNA extracted from control plants
and pJD301-MSN1 transgenic tobacco lines 5–7. NtUBC2 was used as
loading control. (B) Southern blot of the RT-PCR products shown in
(A). The RT-PCR products were transferred to a nylon membrane and
hybridized with 32P-labeled NtST1 cDNA. (C) Agarose gel of the RT-
PCR products. RT-PCR was carried out with MSN1 and NtPCS1
primers. NtUBC2 served as control.
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ium was only fourfold higher than that of Cr. The Cr con-
tent of shoots was very low (0.23–0.28 lmol/g D.W.) in
both transgenic and control plant (Fig. 3A), implying that
Cr is mainly accumulated in the root [13,25]. A yeast two-
hybrid assay showed that MSN1 interacts with WD40
(YDR267C) (Yeast Genome Database). Therefore, it is pos-
sible that it stimulates the expression of NtST1 by interacting
with WD40 protein.
3.3. Expression of tobacco sulfate transporter NtST1 increased
accumulation of Cr and S in S. cerevisiae
To support our conclusion that MSN1 plays a role in
enhancing accumulation of Cr and S by activating sulfate
transporter, the full length cDNA of tobacco sulfate trans-
porter 1 NtST1 was cloned and expressed in S. cerevisiae
Y800 (WT). As shown in Fig. 5A and B, NtST1-expressing
Y800 (pYES2-NtST1) accumulated more Cr (0.18 lmol/g
D.W.) and S (135.0 lmol/g D.W.) than Y800 (pYES2) (0.12
and 94.1 lmol/g D.W. for Cr and S), demonstrating that chro-
mate and sulfate enter cells via sulfate transporter. These data
conﬁrm that expression of MSN1 increases NtST1 expression,
then NtST1 enhances accumulation of Cr and S in transgenic
tobacco.
3.4. MSN1 expression enhanced Cr tolerance in transgenic
plants
Since the transgenic tobacco accumulate higher Cr than con-
trol plants, their greater Cr tolerance (Fig. 2B) presumablydoes not result from reduced intracellular Cr levels, the typical
Cr tolerance mechanism in yeasts [25]. Instead, it is conceiv-
able that MSN1 confers metal tolerance by sequestering metals
in the vacuole or contributing to some antioxidant system.
From our RT-PCR analysis, we found that phytochelatin syn-
thase (NtPCS1) expression was not aﬀected by MSN1 overex-
pression (Fig. 4C). Hence, the detoxiﬁcation of Cr in the
pJD301-MSN1 plants does not appear to be due to formation
of phytochelatin–Cr complexes. The mechanism of detoxiﬁca-
tion of Cr may therefore diﬀer from that of Cd and As. It is
possible that toxic Cr(VI) is eﬃciently converted to the less
toxic Cr(III) in the MSN1-transgenic plants [13].
To our knowledge, this study provides the ﬁrst evidence that
a yeast transcriptional activator can be used to engineer toler-
ance and the accumulation of a metal, and to improve nutri-
tional status in higher plants, although other yeast genes,
encoding transporters and enzymes, have been used to develop
metal accumulators [26,27]. In addition, this report provides
evidences that directly support that chromate is absorbed via
sulfate transporter in plants. The present strategy could be ap-
plied to a wide variety of plant species to enhance accumula-
tion and tolerance of Cr and S.
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